Charge doping is an effective way to induce metal-insulate transition (MIT) in correlated materials for many important utilizations, which is however practically limited by problem of low stability. In this study, we have achieved pronounced phase modulation and stabilized the metallic state of monoclinic vanadium dioxide (VO2) at room temperature, via a novel electron-proton co-doping mechanism driven by surface absorption of self-assembled L-ascorbic acid (AA) molecules. The 
INTRODUCTION
As a typical strongly correlated oxide, vanadium dioxide (VO2) shows a characteristic thermal-induced metal-insulator phase transition (MIT) at ~ 340K. 1, 2 Across the phase transition boundary, the resistance of VO2 varies up to five orders of magnitudes and the infrared transmittance undergoes a pronounced switching effect, 3, 4 making VO2 a promising candidate for various applications including memory materials, smart windows and ultra-fast optical switching devices. [5] [6] [7] While till now, the MIT mechanism in VO2 is still being debated between the strong electron-electron correlations associated Mott transition and the electron-phonon interactions associated Peierls transition. [8] [9] [10] [11] [12] The main reason for this argument is that the phase transition process is always coupled by the electron phase change and structure phase transition, which is difficult to tell them apart.
For strongly correlated VO2 system, controlling the charge density is an effective way to modulate competitively electronic phases of VO2 and hence to explore the underlying MIT mechanism. At present, the main control methods include atomic doping and the electric-field gating with ionic liquid as the dielectric layer. For example, [16] [17] [18] in VO2 lattice and achieve the reversible phase modulations at ambient temperature.
More recently, charge transferring complex in coordination chemistry has been adopted to modify the properties of VO2 crystal. An experiment by Zhou et. al. 19 demonstrated the manipulation of the critical transition temperature of VO2 film by graphene interlayer. By evaporating F4TCNQ molecules onto VO2 film surface, the critical phase transition temperature was decreased by several degrees. 20 
Yoshihiro
Iwasa group 21 also reported the raising of the MIT temperature of VO2 thin films by surface adsorption of organic polar molecules. Though the above organic molecules absorption on VO2 film surface can induce surface charge transfer, the phase modulation effect seems quite weak. It should be due to the fact that the amount of injected electrons into VO2 crystal is not enough because of the Coulomb screening 4 effect, which cannot trigger the carrier density reorganization in VO2 crystal.
It was known that the L-ascorbic acid (AA) molecule was a very good electron donor because of its unique enol-type structure. Rajh, T. However, the proposed mechanism was debatable if considering the surface charge transfer induced Coulomb screening effect. Experimental evidences were desired for clarifying such charge doping induced phase modulation behavior at room temperature.
Meanwhile, charges in VO2 are normally not stable if no external field is applied.
Developing better ways to modulate MIT in VO2 and consequently stabilize its metallic phase is thus a pressing issue.
In this study, we report a facile approach to modulate the phase transition of VO2 film in L-ascorbic acid (AA) or L-Ascorbic Acid Sodium (AA-Na) solutions. It is proposed that the phase modulation mechanism of VO2 mainly lies on the following steps: firstly, L-AA molecules will be ionized in water to AA -and H + ions; then the AA -species will be binding to the VO2 surface which lead to pronounced charge transferring due to the surface coordination effect; Finally, electrons flowing into VO2 will electrostatically attract the surrounding free protons in solution to penetrate into VO2 lattice. Such an electron-proton co-doping strategy thus created a stable H-doping induced metallic VO2 film at room temperature, and the surface adsorbed molecules further protect hydrogen dopant from evaporation/escaping. Synchrotron based characterizations, together with first-principle simulations, demonstrated the surface charge transfer and the variations of O2p-V3d orbitals occupancy in VO2 crystal, which account for the formation of metallic state. These findings would lead to a novel facile way to modulate stable phase transition for correlated oxide materials, which are of great significance to design and discover useful functional materials or electronic devices.
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RESULTS AND DISCUSSION
Self-assembled AA molecule growth on VO 2 surface. Figure 1A and 1B show the atomic structure of AA and AA-Na molecules, respectively. Both of them are easy to be dissolved in water, while the ionization degree is quite different. AA molecule in solution can form a very weak acid due to the light ionization, while AA-Na can be almost fully ionized in the solution at room temperature. Accordingly, when immersing VO2 film into AA solution at room temperature, no obvious surface absorption happens The optical behavior of VO2 epitaxial films treated with AA or AA-Na is further examined by near-field scanning optical microscopy (s-SNOM) with the spatial resolution up to 10 nm. 4 Firstly, from the polarized optical images in Figure 2A and 2B, we can directly observe the bright and dark domains. It is clear that the bright part is related to the insulating monoclinic phases, while the darker part is metallic phases due 6 to the treatment in AA or AA-Na solution. 25 The s-SNOM characterization in Figure   2C and 2D showed that the scattering signals of the dark parts were much stronger than that of the bright parts, further confirming that the bright region corresponds to the intrinsic insulating state, while the dark part is related to the metallic state due to the treatments with AA or AA-Na solution. It is clear that the cliff-like scattering signals in s-SNOM tests are quite consistent with the polarized optical observation with clear boundary in Figure 2A and 2B.
Stable phase transition by AA molecule absorption. The AA molecules covered VO2 film with self-assembled patterns shows stable metallic phase at room temperature, which is insensitive to temperature even after undergoing several resistancetemperature cycling tests as shown in Figure 3A . While if the assembled AA layer is washed away in deionized water, the metallic VO2 films become very unstable as shown in Figure 3B . It will gradually recovered to the insulating monoclinic state after several cycles of resistance-temperature tests in air. The UV-Vis-IR spectra for VO2 film before and after the AA treatment is shown in Figure 3C . It is observed that after AA treatment, the infrared transmittance is decreased greatly, further confirming the metallic VO2 film formation at room temperature after treated by AA absorption. This AA molecule absorption induced the metallic state of VO2 film is completely reproducible by AA-Na treated VO2 film ( Figure S1 and Figure S2 ). While it should be pointed out that during the reflux reaction, the AA solution should be heated up to 50 o C or higher temperature. Only under this condition, the AA can be effectively absorbed on VO2 surface and realize the metallic state of VO2. If immersing the VO2 film into AA solution at room temperature, no metallic VO2 film can be obtained.
However, the AA-Na treatment is effective just at room temperature. This phenomena can be understood if considering the ionization of AA or AA-Na molecules in water.
AA solution is a weak acid and the ionization degree is sensitive to temperature, while AA-Na can be completely ionized in water solution to AA -and Na + at room temperature.
The AA absorption on VO2 surface is basically due to the AA -species connection with VO2 lattice just as shown in Figure 1C . Since the electrons flowing to VO2 side, the 7 freedom protons in the solution will be attracted into VO2 lattice and result in the hydrogen doping effect. Accordingly, the H atom concentration detection in VO2 film as the function of film depth (sputtering time) by secondary ion mass spectroscopy (SIMS) was conducted and shown in Figure 3D . It is clear that the H atoms are really doped into VO2 lattice due to the AA or AA-Na solution treatment. It is obvious that this H-doping effect will be strengthened if keeping the absorbed AA layer on VO2 surface. If washing away the surface absorbed AA layer, the H atoms are still existed in VO2 crystal and can still keep the metallic state. While this metallic state is not stable and the doped H atoms in VO2 crystal will be easily driven out by heating the sample in air, which is clearly reflected from the R-T test as shown in Figure 3B .
This AA absorption induced metallic VO2 film is also quite stable in acid solution, which shows pronounced anti-corrosion property in 15wt% H2SO4 solution ( Figure S3 ). The AFM images ( Figure S4 ) for the metallic VO2 film after 15wt% H2SO4 soaking treatment further confirm the stable surface and the excellent anti-corrosion characteristics. This AA molecule absorption induced H-doping effect in VO2 crystal is quite consistent with the performance of hydrogen doped VO2 film reported previously. 26 To further examine the structure change of VO2 film after the AA or AA-Na treatment, XRD and Raman spectroscopy tests are conducted as shown in Figure 4 .
From Figure 4A , the strong Al2O3 (0001) substrate diffraction peak at 41.68° and VO2 (020) peak at 39. 
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The smaller V +5 peak was believed to be originated from the slight surface oxidation. While after L-AA-treatment, the V2p3/2 peak became much broader, which can be fitted by three peaks due to the new appearance of V +3 related feature at 515.0 eV. 29 Comparison of the V2p3/2 peaks before and after treated with AA solution indicated that though most vanadium in the thin film still showed +4 valence state, some +3 valence state was produced due to the AA absorption induced hydrogen doping in VO2 lattice. XANES spectrum in Figure 4D showed the variation of V L-edge and O K-edge absorption for VO2 film before and after the AA absorption. Distinct peak shift for V-LIII and V-LII edges towards low energy direction further confirmed the reduced valance state of V atoms due to the AA treatment. This observation was quite consistent with the results from XPS test.
In addition, the t2g/eg absorption peak of O K-edge in Figure 4D could give the information of empty states or unoccupied states, which was associated with the electron occupancy on the V3d and O2p hybrid orbitals. It was known that the O Kedge was related the transition between O1s and O2p level. The intensity ratio of t2g/eg decreased clearly with the AA solution treatment, reflecting that t2g levels including the 9 d//* and π* orbitals were gradually occupied by electrons. This electron occupancy on t2g levels should be due to the electron doping as reported by our previous experiment, 30 which further confirmed the hydrogen doping effect induced by the AA absorption on VO2 crystal surface. (Table 1) .
As expected, the computed differential charge distribution at the molecule-VO2 interfaces in those four adsorption configurations confirmed the transferring of electrons from molecules to VO2 ( Figure 5A-5D ). There are 0.10~0.57 electrons per unit that were donated to VO2 (Table 1) . These negative electrons in VO2 will then drive surrounding protons (H + ) to penetrate into VO2 ( Figure 1C ). The meets of electrons and protons resulted in neutral hydrogen doped VO2 film. 26 The migration path of H from surface to subsurface were revealed ( Figure S6 ), from which we found that electrons in VO2 indeed lower down the migration barrier from 3.40 eV in neutral VO2 to 3.05 eV in VO2 with one electron ( Figure 5E , Table 2 ). In addition, the formation energy of an oxygen vacancy defect on the VO2 surface is increased from 4.16 eV in neutral VO2 to 4.47 eV in that with electron (Table 2) Torr.
Materials and Methods
During the deposition, the substrate temperature was maintained at 500°C and the growth pressure was maintained at 3.3 × 10
−5
Torr. The reflection high energy electron diffraction (RHEED) was used to monitor the whole growth process. The film thickness was controlled by adjusting the deposition time and the sample with the final thickness of about 10 nm was prepared. The details of the epitaxial film preparation were reported elsewhere. Spectrometer 750 K with a laser power of 0.5 mW. The optical transmission was measured at room temperature by using with a UV-Vis-IR spectroscopy (SolidSpec-3700). The atomic force microscopy (AFM) was measured in air at room temperature to observe the surface roughness of the film samples before and after the soaking treatment. The temperature-dependent electrical measurements were conducted by a customized four-probe system installed on a variable-temperature sample stage. High sensitive secondary-ion mass spectrometry (SIMS) measurements (Quad PHI6600) were conducted to directly examine the hydrogen concentration in each sample. For each sample, we always conducted the above measurements at random multiple points, each test showed good consistency, confirming the uniformity of the as-deposited or AA&AA-Na-treated VO2 samples.
Synchrotron radiation characterizations. Synchrotron X-ray diffraction spectra for the θ-2θ scanning was conducted at the BL14B1 beamline of the Shanghai Synchrotron Radiation Facility (SSRF). The SSRF is a third-generate accelerator with a 3. 
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The energy cutoff for plan-wave basis set is 450 eV, and the convergence criteria for the residual force and energy on each atom during structure relaxation were set to be 0.01 eV/Å and 10 is used to calculate electronic structure. The transition state search for the diffusion and migration processes was performed with the climbing nudged-elastic-band (cNEB) 38 method as implemented in VASP. Charge analysis were performed using the Bader's model. 39 The adsorption energies were calculated (Eads = E*m -E* -Em, where E*m, E*, and Em represent energies of the hybrid structure and separated parts). The formation energy of oxygen vacancy on VO2 surface was calculated by Eform = Evac -Est + 1/2EO2, where Evac, Est and EO2 represent energies of VO2 with a oxygen vacancy on the surface, VO2 and oxygen in gas phase.
Supporting Information
The details for the DFT calculations, the XRD, XANES, Raman and UV-Vis and for the pristine VO2 film and AA or AA-Na treated samples. 
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